'Studies on the specificity of pepsin [EC 3.4.4.1] "have demonstrated that this enzyme hydrolyzes : synthetic peptide substrates with aromatic amino acids on one or both sides of the susceptible peptide bond (7). Fruton and Bergmann introduced Z-Glu-Tyr** as the first synthetic substrate (2) , and Baker has added .acetyl-dipeptides (Ac-X-Y) such as Ac-Tyr 2 (3), which have been proved to be valuable in the * A part of this paper was presented at the 41st and •42nd Annual Meetings of the Japanese Biochemical .Society, Tokyo, Oct., 1968, and Hiroshima, Oct., 1969. ** Abbreviations used: Z, benzyloxycarbonyl; Boc, /-butyloxycarbonyl; Nps, o-nitrophenylsulfenyl; Tyr (Bzl), O-benzyl-L-tyrosyl; TEA, triethylamine; TsOH, ./Koluenesulfonic acid; AcOH, acetic acid; DMF, • dimethylformamide; THF, tetrahydrofuran. Amino .acid symbols except Gly denote the L configuration. kinetic study of pepsin action (4, 5) . It should be noted, however, that one of the problems encountered with these substrates was their limited solubility in acidic buffers, in which pepsin hydrolyzes the substrates optimally. Furthermore, several investigators noted that substrates with formulae RCO-X-Y are susceptible to transpeptidation reactions in addition to hydrolysis (6, 7) , the interpretation of the kinetic data of these substrates with pepsin being complicated considerably. Therefore, we attempted to find more convenient substrates than acetyl-dipeptides. A new substrate is required to be sufficiently soluble in an acidic aqueous buffer and to give no transpeptidation reaction with pepsin. In the present communication, we report the synthesis of several oligopeptides, Gly»-Tyr 2 -Gly "Vol. 73, No. 4, 1973 (m = \, 2, 3, and 4), Gly-Tyr 2 -Gly B (n=l, 2, and 3), and Gly 2 -X-Y-Gly (X and Y, Phe or Tyr), and some features of the experiments on these substrates with pepsin which suggest that Gly 2 -Phe-Phe(and Tyr)-Gly are convenient substrates satisfying the requirements mentioned above.
EXPERIMENTAL
Synthesis of Peptides-The yields, physical constants, and elemental analyses for new compounds are given in Table I . The Rf values in paper chromatography of the peptides are shown in Table II . The following peptides were prepared as described in the literature; Gly_-Tyr (« = 1, 2, 3, 4) (8), Gly 2 -Phe (9), Phe-Gly (9) .
Z-Tyr{Bzl)-Gly n -OBzl (n = l, 2, 3) (I, II, HI):
The procedure for the synthesis of I is described in detail as an example. To a solution of Z-Tyr(Bzl) (10) (4.05 g, 10 mM) and TEA (1.4ml, 10 HIM) inTHF(20ml) at -5°C, isobutyl chloroformate (1.3 ml, 10 mM) was added, and the mixture was left for 15min at -5°C. To the mixed anhydride formed, a mixture of Gly-OBzl-TsOH (11) (3.38g, 10 mM) and TEA (10 mM) in CHC1 3 (20 ml) was added with vigorous shaking. The mixture was allowed to stand overnight at room temperature, and was then evaporated to dryness in vacuo. After ethyl acetate (40 ml) was added to the residue, the mixture was washed successively with 4% NaHCO 3 , 2% HC1, and water. The organic layer was dried with Na 2 SO4 and evaporated. The resulting solid was recrystallized from ethyl acetate-etherpetroleum ether; yield, 3.98g (72%). II and III were similarly prepared using Gly 2 -OBzlTsOH (12) and Gly 3 -OBzl-TsOH (12) . The yield and other data are given in Table I .
Tyr-Gly. (n = l, 2, 3) (IV, V, VI)
: I (2.76 g, 5mM) was added to 95% AcOH (50 ml). The suspension was treated with hydrogen in the presence of Pd black. As hydrogenolysis proceeded, suspended I dissolved. The filtrate from the catalyst was evaporated repeatedly in vacuo, water being added. The resulting solid was collected by nitration with the aid of acetone, and recrystallized from waterethanol; yield of IV, 1.11 g (93%). V and VT were similarly prepared from II and III, respectively. IV and V had been prepared byBailey via coupling of the N-carboxyanhydrideof O-acetyl-tyrosine and Gly«-OEt («=1, 2) and. subsequent saponification of Tyr(Ac)-Gly»-OEt (w=l, 2) (13); physical constants such as-[a]v of our peptides (IV and V) were in agreement with the values given by Bailey (13) .
Z-Gly m -Tyr-NHNH 2 (m=3, 4) (VII, VIII): To a solution of Z-Gly 3 -Tyr-OEt (14) (25.7 g, 50 mM) in methanol was added hydrazine-. hydrate (12 ml) at room temperature. As the reaction proceeded, crystals began to separate from the solution. After 2 days, the mixturewas evaporated, and the resulting crystalswere collected with the aid of water; yield of" VII, 19.3 g (77%). VIII was similarly prepared, from Z-Gly 4 -Tyr-OEt (14).
Boc(or Nps)-Tyr(Bzl)-Gly-OBzl (IX or X): IX or X was prepared from Boc-Tyr(Bzl) (15)' or Nps-Tyr(Bzl) (16) and Gly-OBzl-TsOH, asdescribed for the preparation of I, with the. exception that 10% citric acid was used instead of 2% HC1.
Tyr(Bzl)-Gly-OBzl-HCl (XI):
To a solution of IX (3.03 g, 5.3 mM) in DMF (6 ml) was. added 2.5 N HC1 in dioxane (21 ml) at room, temperature. After 30min, the solution wasevaporated, and the resulting crystals were collected by filtration with the aid of ether; yield, 2.28 g (95%). XI was also prepared, from X by the same procedure.
Z-Gly m -Tyr-Tyr(Bzt)-Gly-OBzl (m = l, 2, 3, 4) (XII, XIII, XIV, XV): To a chilled solution (-20°C) of Z-Gly-Tyr-NHNH 2 (17) (1.54. g, 4 mM) in DMF (12 ml) were added 2 N HC1. in THF (4 ml) and isoamyl nitrite (18) (0.56-ml, 4 mM). After 20 min, TEA (1.12 ml, 8 mM); was added. To the azide solution at -20°C was added a solution of XI (1.82 g, 4mM) and TEA (0.56 ml) in DMF (4 ml). The mixture was stirred for 2 days at 0°C, and evaporated. The resulting solid was collected by nitration, with the aid of 4% NaHCO 3 , and washed with. 2% HC1 and water. The solid was recrystallized from DMF-ethanol-ethyl acetate; yield of XII, 1.98 g (64%). XIII-XV were prepared from Z-Gly 2 -Tyr-NHNH 2 The azide derived from ZGly-Tyr-NHNH 2 was coupled with XXII and XXIII, respectively, as described for XIII.
Gly-Tyn-Gly. (n = 2, 3) (XXVI, XXVII):
These peptides were prepared from XXIV and XXV, respectively, as described for IV or VI.
Boc-Phe-Gly-OBzl (XXVIII):
This was prepared from Boc-Phe (19) and Gly-OBzl, as described for IX.
Phe-Gly-OBzl • HCl (XXIX):
A solution of XXVIII (6.4 g, 20 mM) in 2.5 N HCl in dioxane (50 ml) was left for 1 hr, then evaporated to dryness; yield of oily product (XXIX), 6.98 g (100%). The purity of XXIX was ascertained by thin layer and paper chromatography with several solvent systems.
Z-Gly2-Tyr-Phe-Gly-OBzl (XXX):
This was prepared from Z-Gly 2 -Tyr-NHNH 2 and XXIX, as described for XIII.
Z-Gly2-Phe-NHNH2 (XXXI):
This was prepared from Z-Gly 2 -Phe-OBzl (9) with hydrazine hydrate, as described for VII.
Z-Gly2 -Phe -Tyr(Bzl)(or Phe) -Gly -OBzl (XXXII or XXXIII):
The azide derived from XXXI was coupled with XI or XXIX, as described for XIII.
Gly2-Tyr-Phe-Gly, Gly2-Phe-Tyr-Gly, Gly2-Phe2-Gly (XXXIV, XXXV, XXXVI):
These peptides were prepared from XXX, XXXII, and XXXIII, as described for IV or VI.
Enzyme and Method-Worthington pepsin (twice crystallized, salt-free) was used without further purification. All reactions were run at 37°C. For comparative measurement of the effect of pH on pepsin action, buffers in the pH range 1.5-4.0 were prepared by mixing of 0.2 M potassium phosphate and 0.2 M phosphoric acid in appropriate ratios. The enzyme was weighed out and dissolved in 0.01 M citrate buffer at pH 4.18 before use. This solution (0.1 ml) was added to a 2-ml assay flask containing buffer (1.7 ml) and an aqueous 0.05 M solution (0.2 ml) of the pertinent substrate. After the solution in the flask was incubated for 30 min, it was immersed in a hot bath (100°C) for 3min. After cooling, the resulting precipitate was filtered off and a definite portion of the filtrate was applied to an amino acid analyzer to measure the rate of hydrolysis. Simultaneously, the filtrate was subjected to paper chromatography, as described in a previous paper (7) .
For measurement of the kinetic constants, a buffer of pH 2.3 or 2.5 was prepared, as described above. The enzyme solution (0.4 ml) prepared as described above was added to a 5-ml assay flask containing the pertinent substrate dissolved in the buffer (4.6 ml). At selected intervals, an aliquot sample (1.0 ml) was withdrawn and added to a flask containing 2 M trichloroacetic acid (0.1 ml). The mixture was immersed in a hot bath (100°C) for 30 sec and the filtrate was subjected to assays by amino acid analyzer and paper chromatography. Proteolytic coefficients (C) were estimated from the equation C-K\E, where #=(l/min)log[100/(100-% hydrolysis)], and E is the protein concentration in mg of protein N per ml of test solution. Maximum proteolytic coefficients (C max ) were estimated by means of the equation C ma x-k 3 /2.3 K m , where K m is the Michaelis constant and k 3 is a rate constant (20) .
Analysis of Reaction Products by Amino Acid Analyzer-In a previous paper, we described a procedure using an amino acid analyzer for quantitative determination of each component in an incubation mixture of a substrate with pepsin (7) . In the present study, it was found that the following conditions are sufficient to permit separation and determination of at least one component in an incubation mixture: apparatus used, Hitachi model KLA-3B amino acid analyzer; column, 0.9x50 cm with spherical resin; buffer, standard 0. 15 Details of the conditions were given in the text.
2) The solvent used for paper chromatography was H-butanol : acetic acid : pyridine : water (4:1:1:2 and 15 : 3 : 10 : 12, by vol.). Effluent volume c ml) Fig. 1 . Chromatograms of incubation mixtures using an amino acid analyzer. A sample corresponding to 2//moles of each substrate was analyzed after incubation of Gly 2 -Tyr 2 -Gly (a) and Gly 2 -Phe 2 -Gly (b) (each concentration, 6 mM) with pepsin (0.5 mg and 0.025 mg per ml, respectively) at pH 2.3 for 30 min.
M sodium citrate at pH 5.28. The effluent volume of each component is given in Table  II . Quantitative evaluation of Gly n -Tyr (m = l, 2, 3, or 4) or Gly 2 -Phe produced from the corresponding substrate was made with an amino acid analyzer on the basis of the known color values for these compounds. The peak of Tyr-Gly n was sometimes inadequate for accurate quantitative determination since it overlaps a peak from undigested substrate in some cases. As examples, the chromatographic patterns obtained from the incubation mixtures of Gly 2 -Tyr,-Gly and Gly 2 -Phe 2 -Gly with pepsin are shown in Fig. 1 .
RESULTS
Paper Chromatography of Reaction Mixture-The, possibility of transpeptidation reactions was tested by means of paper chromatography in addition to analysis by an amino acid analyzer. The reaction was followed by transferring 10-20 t*\ of each sample solution at various times onto filter paper, and by treating with ninhydrin and Pauly reagents, as described in a previous paper (7) . The chromatogram of the mixture during incubation of a substrate, Gly m -X-Y-Gly n , with pepsin indicated the presence of Gly ra -X and Y-Gly n as the products by the enzyme at any pH from 1.0 to 4.0, no transpeptidation reaction being indicated.
pH-Activity Curves-For comparison of the relative hydrolytic susceptibility of the substrates, it seemed desirable to determine the rates of hydrolysis of the substrates at optimum pH. Comparative measurements of the effect of pH on pepsin were made with all synthetic peptides except Gly«-Tyr 2 -Gly, the results being shown in Fig. 2 . As seen from the figure, optimum pH appears to be in the range 2.0-2.5. For the purpose of comparing the relative susceptibility, a buffer at pH 2.5 was used as the solvent for substrates containing only tyrosine residue, whereas a buffer at pH 2.3 used for substrates containing phenylalanine, because the optimum pH of the sensitive and convenient substrates, Gly 2 -Phe-Phe(and Tyr)-Gly, is near 2.3.
Proteolytic Coefficient and Kinetic Constant -In order to compare the rates of hydrolysis of substrates by pepsin, the values of the proteolytic coefficients at various substrate concentrations and C max were determined (20) . It was found that the hydrolysis of the substrates tested followed first-order kinetics within the experimental error in all cases. Table III gives the coefficients determined. It was observed that the proteolytic coefficient of each substrate increases with decrease in its concentration. Measurements of initial rates of hydrolysis at different concentrations of the substrates and use of the Lineweaver-Burk plot gave values of K m =(k 2 +k a )/k l and k 3 for the hydrolysis of the substrates by the enzyme (20, 21) . Table III gives the kinetic constants thus calculated, and also those obtained previously in the hydrolysis of acetyl dipeptides (5). 
DISCUSSION
The primary purpose of the present study was to find sensitive substrates for pepsin having the properties of sufficient solubility in acidic buffer, and of simple hydrolysis by the enzyme without transpeptidation. Fruton and his associates reported that, in a series of synthetic substrates A-X-Y-OEt such as Z-His-Tyr-TyrOEt, cleavage by pepsin is restricted to the bond linking two aromatic amino acid residues {22). Recently, Oka and Morihara reported that similar substrates such as Z-Phe-Leu-Gly are susceptible to simple hydrolysis at the peptide bond Phe-Leu (23). The present authors indicated previously that elongation of peptide chains from the a-amino group in a sensitive amino acid residue results in a remarkable increase in the rate of hydrolysis by several proteolytic enzymes (8, 14, 24) ; for example, chymotrypsin [EC 3.4.4.5] hydrolyzes Gly»-Tyr-Gly 2 (m=2, 3, and 4) 20-70 times rapidly than Gly-Tyr-Gly 2 (14). The same authors also indicated that, in the action of pepsin on Gly ra -Tyr-Tyr (m=l, 2, and 3), GlyTyr 2 is less susceptible than Gly m -Tyr 2 (m -2 and 3) with regard to hydrolysis and transpeptidation (7) . The influence of elongation of peptide chains from the terminal carboxy group in a sensitive amino acid residue was also studied with chymotrypsin (14 ) and trypsin [EC 3.4.4.4] (25); for example, chymotrypsin hydrolyzes Gly 2 -Tyr-Gly n («=2, 3, and 4) 100-200 times rapidly than Gly 2 -Tyr-Gly (14). Therefore, we attempted to examine the influence of elongation of peptide chains from the a-amino and terminal carboxy groups with a series of substrates, Gly»-Tyr-Tyr-Gly n . We selected synthetic substrates with Tyr-Tyr sequences because any peptide fragment containing tyrosine residues can be detected approximately 10 times more sensitively in paper chromatography by the Pauly reagent than by ninhydrin, and therefore the possible occurrence of transpeptidation may be detected by use of the Pauly reagent. However, incubation mixtures of any substrate (Gly n -X-Y-Gly c ) used in this study with pepsin afforded two fragments, Gly ra -X and Y-Gly», in addition to original substrate in analyses by paper chromatography and by an amino acid analyzer. Therefore, we assume that substrates in this study were subjected only to simple hydrolysis without transpeptidation.
The series Gly ra -Tyr 2 -Gly (A-Tyr 2 -B) was used to examine the influence of elongation of the peptide chains from the a-amino group in a sensitive dipeptidyl unit (Tyr-Tyr). The data in Table III indicate that a change in the A group from Gly to Gly™ (m = 2, 3, and 4) leads to an appreciable increase in the proteolytic coefficients. This increase is largely a reflection of a rise in k 3 , the K m values for Gly m -Tyr 2 -Gly (m = l, 2, 3, and 4) being essentially the same at a given pH. In this connection, it seems noteworthy that Z-Gly 2 -Phe 2 -pyridylmethyl ester was hydrolyzed 10 times faster than Z-Gly-Phe 2 -pyridylmethyl ester (26) . The data also indicate that the values of the proteolytic coefficients for Gly m -Tyr 2 -Gly (ra=2, 3, and 4) are nearly the same. This effect may be explained partly by an influence of the a-ammonium group in these substrates on the hydrolysis of the Tyr-Tyr bond in a similar manner.
The series Gly-Tyr 2 -Gly n (A-Tyr 2 -B) was used to examine the influence of elongation of the peptide chains from the carboxy group in Tyr-Tyr sequences. The data indicate that elongation from Gly to Gly 2 and Glys in regard to the B residue did not alter the level of susceptibility. It was reported that Z-Phe-LeuAla 2 is 50 times more susceptible than Z-PheLeu-Ala (23); this result is in conflict with our data, and the contradiction cannot be accounted for at present. Nevertheless, peptides with the type Gly 2 -X-Y-Gly were considered to be appropriate substrates which fulfil the requirements of the present study.
In a series Gly2-X-Y-Gly, peptides having three possible combinations (X-Y=Tyr-Phe, Phe-Tyr, and Phe-Phe) other than Gly 2 -Tyr 2 -Gly were subjected to pepsin, the results being shown in Table III . Examination of the data in the Table indicates that the replacement of X=Tyr by X=Phe causes a remarkable increase in the rate of hydrolysis by pepsin, whereas the effect of the Y position is much smaller. The Table also gives the kinetic constants for Ac-X-Y reported by Jackson et al. (5) . The two series of substrates, Ac-X-Y and Gly 2 -X-Y-Gly, closely resemble each other in the relative magnitude of values of K m , k 3 , and C max . Although C max for Gly 2 -Tyr-Phe-Gly is nearly the same as for Gly 2 -Tyr 2 -Gly, the values of K m and k 3 for theformer substrate are lower by a factor of about 2. On the other hand, the values of K m for Gly 2 -Tyr-Phe-Gly and Gly 2 -Phe-Tyr-Gly are. nearly the same, showing similar binding of the two substrates to pepsin, and these substrates, differ by a factor of about 10 in their k 3 and Cmax values. Gly 2 -Phe 2 -Gly is most susceptible, to the hydrolytic action of pepsin of all the substrates described here. Thus, the nature of the amino acids in the X position is decisive in determining the catalytic efficiency in. peptic hydrolysis of the X-Y bond.
Two sensitive substrates, Gly 2 -Phe-Phe(and. Tyr)-Gly, are sufficiently soluble in acidic buffer. In quantitative analysis of an incubation mixture of each substrate with pepsin by an amino acid analyzer, the amount of Gly 2 -Phe can be calculated precisely (see Fig. 1 and Table II ). In conclusion, the two peptides may be used as convenient synthetic substrates for studies concerning many aspects of pepsin and. similar enzymes.
